Abstract. ElectroChemical Remediation Technologies (ECRTs) utilize an AC/DC current passed between an electrode pair (one anode and one cathode) in soil, sediment, or ground water to either mineralize organic contaminants through the ElectroChemicalGeoOxidation (ECGO) process, or complex, mobilize, and remove metal contaminants through the Induced Complexation (IC) process, either in-situ or ex-situ. Field remediation data suggest that ECRTs-IC cause electrochemical reactions in soil, sediment, and ground water that generate metallic ion complexes from the target contaminant metals. These complexes, along with naturally occurring dissolved metals, migrate to the electrodes down the electrokinetic gradient and are either concentrated at the electrode (e.g., cesium, strontium) or deposited onto the electrodes (e.g., mercury, cadmium, lead). The metal contaminants concentrated at the electrodes can be pumped and treated, and the metals that deposit on the electrodes can be either disposed of or recycled. ECRTs-IC operates at electrical power levels below those of conventional electrokinetic methods. A unique feature of ECRTs-IC, in marked contrast to electrokinetics, is that metals generally migrate to both the anode and cathode. European field projects include remediation of (1) mercury in brackish water silty sediments, where 76 kg (168 lbs) of mostly mercury were deposited at both electrodes in 26 days of total remediation time; (2) parts per billion ground water contamination of a variety of metals beneath a steel mill waste lagoon, where metal concentration decreases up to 93% were achieved in 30 days of total remediation time; and (3) mercury in sewage sludge contaminated with dental amalgams, which showed an average decrease from 35 mg/kg to 0.185 mg/kg in seven days. A recently completed U.S. laboratory test for the U.S. Department of Energy under fresh water conditions corroborated the European field remediation results. Existing field and laboratory results indicate that ECRTs-IC is a rapid and effective remediation process.
Introduction
ElectroChemical Remediation Technologies (ECRTs), developed by Dr. Doering of electrochemical processes, llc (ecp), are a field-developed, empirically-based suite of technologies. Over 50 sites and two million metric tons of soil have been remediated using ECRTs in Europe. ECRTs are geophysically based and use a proprietary AC/DC electrical signal and are related to colloidal and electrode electrochemistry. They belong to the class of Direct Current Technologies (DCTs) where predominantly DC electricity is passed between two electrodes.
DCTs for environmental remediation consist of two types, ECRTs and electrokinetics (Probstein et al., 1991) , Figure 1 . The primary distinctions between these two electrical technologies are the (1) operative mechanisms, (2) energy input, (3) nature of the current applied, and (4) resulting outcome. ECRTs are comprised of two principal processes (1) ElectroChemicalGeoOxidation (ECGO), which mineralizes organics to their inorganic components, and (2) Induced Complexation (IC), which complexes metal contaminants via the ECRTs-ECGO process, and transports these metal complexes and naturally occurring metals via electrokinetics to the electrodes, where the metals are either concentrated and/or deposited onto the electrodes. To remediate dissolved phase contaminants in ground water a third complementary technology is employed, Carbon Dioxide Vacuum Stripping (CVS) wells.
Employing low-energy and proprietary AC/DC current, ECRTs appear to cause reductionoxidation (redox) reactions and electrolysis at the pore scale. Figure 2 shows that ECRTs require less electrical energy input than electrokinetics and significantly less than in-situ vitrification.
The proprietary AC/DC signal used by ECRTs to introduce electrical energy into the soil/sediment (soil) is believed to polarize the soil by storing electrochemical energy at polarization sites located at soil grain surfaces and/or pore throats (c.f. Vacquier et al., 1957) .
Under these conditions, the soil acts much like a capacitor, charging and discharging stored electricity energy (Doering, 1997 (Doering, , 2001 Doering and Doering, 1998; Doering et al., 2002) . output from an ECRTs project. In this case, over two half-cycles, the voltage and amperage supplied to the soil by the AC/DC power converter are in phase (i.e., track each other), but when the soil is charging/discharging electricity, electrical spikes appear in the voltage curve.
Between these spikes, a significant component of the current is out of phase with respect to the voltage. We believe that it is in the time interval between the electrical spikes that the redox reactions are occurring. Repeated charging/discharging of the electrochemically-stored energy at a high frequency is thought to provide the electron flux to perform remediation by redox reactions. Electrolysis of water occurs throughout the process when conditions for breakdown of water, theoretically 1.23 V, are achieved. Field evidence also suggests that the reaction rates are inversely related to grain size, such that contaminants are remediated faster in clays and silts than in sands and gravels. ECRTs induced reactions may occur at any and all interfaces in the electrode-soilcontaminant-ground water system. However, soil volumetrically dominates the system. Field soil pH values are found to generally stabilize in the range of 6.5 to 7.8 during ECRTs operation ( Figure 4 ).
Typically, ECRTs are preferred to be implemented in-situ. As such, site activities are only minimally disturbed, in contrast to excavation and offsite disposal. ECRTs are powered by the existing site electrical grid or through a power generator. The volume of sediments remediated in the Union Canal was 220 cubic meters (cu m), 20 m x 10 m x 1.1 m working depth (i.e., the depth interval over which the remediation occurred).
Two electrode pairs were placed within the silt in the canal and parallel to the banks of the canal ( Figure 5 ). Six sampling locations within the remediation cell and one outside the cell were established. ECRTs-IC was tested in this dried lagoon area for 30 days. Two square meter (sq m) sheet electrodes were placed in the dust about 8 m apart. A unique challenge in this project was developing a method to hydrate the hydrophobic dust, which exhibited an initial electrical system resistance of more than 320 ohms. By the end of the 30-day project, the system resistance of the dust had decreased to 19.6 ohms by using a proprietary fluid mixture injected at the anode and electrically driven to the cathode by electro-osmosis, an electrokinetic process.
Measurement of metals precipitated onto the electrodes was hampered by corrosion of the anode. Nevertheless, approximately 8.5 kg of heavy metals precipitated on both electrodes, with 38% of the metals at the anode and 62% of the metals at the cathode. These results exceeded initial expectations because the dust was hydrophobic and no removal of heavy metals was predicted during the 30-day test. As such, the remediation success criteria defined prior to project initiation were based on ground water remediation effects where clean up was found to be substantial. Table 2 presents the ground water remediation results after 30 days of operation for metal concentrations at the anode, cathode, and the center of the electrode array. All metals analyzed in each location were reduced from 59% to 93% (Table 2) , except for the 23% lead reduction at the cathode, which most likely reflects a transient state as the lead is migrating to and depositing at the cathode. Eleven tons of dark brown, loamy soils were placed into a steel container. The container served as the cathode; a steel plate 1 m x 2 m installed vertically into the soil mass in the center of the container served as the anode. The test was operated at 3.9 kW for 10 days. The results of composite soil sampling by the oversight consulting firm before and after the test are shown in Table 3 . It is not known how many subsamples comprise the composite sample analyzed. The Port of Hamburg faces serious problems disposing of sludge dredged from the harbor bed, and ecp was asked to provide a method of sludge detoxification. The Port provided 100 L of the sludge to ecp for bench-scale testing of ECRTs to remove heavy metals from the sludge.
The 100 L of sludge were placed in a glass container measuring 100 cm x 40 cm x 40 cm.
The sludge was about 78% gray-green, highly turbid water and had a strong hydrocarbon odor.
Within the glass container, two plate electrodes were installed at a separation of 50 cm. The plate electrodes were made of carbon steel, and each had a surface area of 400 square centimeters. A total of 168 watts of power was applied for 14 days. Samples were collected before and at the end of the test, and analyzed at an accredited and independent laboratory using x-ray fluorescence analysis.
After 60 minutes of power application, the sludge settled on the bottom of the class container, forming a layer of 5 cm thickness. After 14 days of treatment, the water was clear, without color and without odor. The cathode was covered by a thin, blackish layer about 0.012 mm thick. The anode was covered by a thin blackish layer (thickness not measurable) and affected by pit corrosion. Table 4 presents the results of the bench-scale test. Project success criteria established with the NETL and Y-12 stakeholders prior to project initiation were:
• mercury is mobilized to both anode and cathode;
• mercury is deposited on one or both power electrodes;
• post-test mercury TCLP leachate concentration is at or below 225 µg/L; and
• mercury mobilization rate meets or exceeds that for the control cell, which is using electrokinetics to mobilize the mercury (traditional approach).
Test results met all four of the aforementioned objectives, as detailed in the following sections. Mercury Mobilization and Migration. Figure 8 presents the total mercury concentration, as determined by AquaRegia Leach Test (USEPA Method 7471b), for the pre-test condition (baseline), and at 81 hours (hrs), 450 hrs, and 741 hrs from test start-up at the five sampling locations between the anode and cathode electrodes. The total mercury concentration in percent change relative to the baseline condition is shown in Figure 9 . The average, pre-test total mercury concentration was 252 mg/kg. At 81 hrs from test start-up, migration of total mercury to the anode from the cathode portion of the test cell was suggested by the depletion of total mercury in the cathode area of the test cell relative to the pre-test mercury concentration and a complementary increase in total mercury concentration at the quarter point in the anode half of the test cell. Note that the depletion of total mercury relative to the baseline value probably reflects total mercury migration from the anode face. At 450 hrs after test start-up, total mercury concentration near the anode face increased to 317 mg/kg (Figure 8 ), or greater than 120% of the initial pre-test value (Figure 9 ). Note that there was also a decrease in total mercury concentration at the cathode face. At 741 hrs, the total mercury concentration in the cathode half of the test cell decreased further, and the concentration around the anode face increased significantly to greater than 100% of the initial pre-test (baseline) value (Figures 8 and 9 ). Table 5 . These results satisfy the first two criteria for success of the tank-scale test.
It was determined that the mercury deposited at the anode consisted primarily of non-volatile mercury species whereas the mercury deposited at the cathode consisted primarily of volatile species. It is not known, however, if the volatility of the mercury species is an artifact of the laboratory test conditions or a direct result of the technology application. Previous field remediation projects did not identify the occurrence of any volatile mercury species being deposited onto the electrodes. The post-test TCLP value pattern is also taken as evidence that the ECRTs-IC operation was mobilizing mercury towards the test cell anode. The laboratory test was not run to completion due to time and budget constraints. We expect that if more time were available for the test, all the soil within the test cell would have attained TCLP values below the 225 ppb value defined by NETL, as indicated by the two sampling points on the cathode side of the test cell. (Table 8) . A total of 28.4 g, or 54.62 % of the pre-test contamination, was removed in 741 hr of tank-scale ECRTs-IC operation. The recovery rate was 0.038 g/hr.
The mercury recovery efficiency was 0.24 g/kW-hr. Field projects have shown much higher (up to 26.6 g/kW-hr) mercury recovery efficiencies. This illustrates the inherent limitations of testing ECRTs-IC in the laboratory. Laboratory testing may provide proof of concept: (i.e., does it work), but it cannot provide scalable information on deployment costs and/or deployment efficiency. 
